We report the structural and optical properties of InAs quantum dots ͑QDs͒ directly regrown on air-exposed and subsequent atomic hydrogen-cleaned ͑AHC͒ GaAs ͑001͒ surface. The average size of InAs QDs on the AHC GaAs surface is 29 nm, which is larger than 22 nm for the conventionally grown InAs QDs on GaAs. The integrated photoluminescence intensity of the InAs QDs on the AHC GaAs measured at room temperature is larger than that of the reference sample by two orders, even though the cleaned GaAs surface directly faced the base of the InAs QDs. The decrease in the interface states between the wetting layer and AHC GaAs was confirmed by Franz-Keldysh oscillations of the photoreflectance spectra.
1 scanning tunneling microscope, 2 and atomic force microscope ͑AFM͒ tip-induced nano-patterning 3 on a GaAs surface, for the application of novel quantum devices, such as a single photon emitter 4 and QD logic devices. 5 Although they successfully fabricated the site-controlled QDs, the directly regrown In͑Ga͒As QDs on the patterned or processed GaAs surface showed relatively poor optical properties compared to those of the conventionally grown Stranski-Krastanov QD. 6, 7 The main problem related to such regrowth techniques is the introduction of the interface contamination and the generation of the defects caused during the chemical and physical process. To overcome these problems, first of all, the defect-and contaminant-free surface after nanopatterning process is required for the next QD growth.
In this letter, we show that the atomic hydrogen cleaning process is very effective way for the improvement of the crystal quality of regrown InAs QDs on GaAs. We found that the photoluminescence ͑PL͒ intensity of the InAs QDs grown on the atomic hydrogen-cleaned ͑AHC͒ GaAs surface was significantly improved, even though InAs QD layer was directly faced to the air-exposed and subsequently cleaned surface.
The samples used in the present work were grown on ͑001͒ ±0.2°undoped-GaAs substrates by a Riber 32P molecular-beam epitaxy ͑MBE͒ equipped with a valved arsenic cracker for the precise control of As flux and a hot tungsten cracker for the atomic hydrogen generation. 8 The GaAs ͑001͒ substrates were mounted on a Mo block using In solder for the growth of all QD samples. Atomic hydrogen cleaning was performed with a background H 2 pressure of 3 ϫ 10 −6 Torr without supplying the As at a substrate temperature of 420°C. 9, 10 For the growth of a reference QD, the 500 nm thick GaAs buffer layer was grown on a GaAs ͑001͒ substrate with a growth rate of 0.5 ML/ s at the substrate temperature of 580°C. The substrate temperature was calibrated by the oxide desorption temperature of GaAs ͑001͒ surface with an optical pyrometer. Specifically, the low substrate temperatures were measured by using the relationship between thermocouple temperatures and the surface temperatures. 11 After the growth of the GaAs buffer layer, the substrate temperature was lowered to 400°C for the deposition of the 2 monolayer ͑ML͒ InAs QD layer. An InAs QD layer was grown at a rate of 0.05 ML/ s and the formation of InAs QDs was verified by the observation from two-͑2D͒ to threedimensional transition by an in situ reflection high-energy electron diffraction ͑RHEED͒ pattern. An undoped 10 nm GaAs cap layer was grown after InAs QD deposition followed by a 30 s growth interruption under the As 4 beam equivalent pressure ͑BEP͒ of 1 ϫ 10 −5 Torr at the substrate temperature of 400°C.
For the growth of the regrown QD sample, an InAs QD layer was directly grown on the GaAs surface which was treated by the air exposure and atomic hydrogen cleaning. For the air-exposure and cleaning process, the 500 nm thick GaAs buffer layer was grown. Then, the sample was taken out from the growth chamber and kept in the atmosphere for more than 24 h. It was reloaded again to the MBE chamber and cleaned by the atomic hydrogen at 420°C. During the atomic hydrogen cleaning, the surface reconstructions of GaAs ͑001͒ were monitored by RHEED patterns. After the observation of ␤͑2 ϫ 4͒, atomic hydrogen cleaning was stopped.
under the same growth conditions for the reference sample. We also prepared the QD samples without the capping layer for the observation of the surface morphology using an AFM. The optical properties of the regrown and reference QD samples were investigated by photoluminescence ͑PL͒ and photoreflectance ͑PR͒ at the 10 to 298 K. For PL measurements, the excitation source was an Ar + -ion laser. Figure 1 shows the AFM images of InAs QDs with a nominal thickness of 2 ML grown ͓Fig. 1͑a͔͒ on the reference GaAs surface with a surface reconstruction of c͑4 ϫ 4͒ and ͓Fig. 1͑b͔͒ directly on the AHC GaAs surface with a surface reconstruction of ␤͑2 ϫ 4͒ at the substrate temperature of 400°C. The QDs grown on GaAs c͑4 ϫ 4͒ surface, as shown in Fig. 1͑a͒ , have a density of 3 ϫ 10 10 cm 2 with a dot-to-dot distance of 58 nm and the average lateral size of 22 nm. The QDs grown on the air-exposed and subsequent atomic hydrogen-cleaned ͑AHC͒ GaAs surface have a density of 8 ϫ 10 9 cm 2 with the average dot-to-dot distance of 111 nm and the average lateral size of 29 nm as shown in Fig. 1͑b͒ . The decrease in the density and the increase in the size of InAs QDs on the AHC GaAs could be explained by the strain relief due to the modification of GaAs surface by hydrogen and/or the increase in the In migration length due to the deficiency of As coverage ͑0.75 ML͒-as illustrated in our previous works 9, 10 -and the unknown atomic hydrogen effect of the AHC GaAs ␤͑2 ϫ 4͒ surface. As evidence of this unknown atomic hydrogen effect, we found that the conventional GaAs ͑2 ϫ 4͒ surface produced by thermal annealing without an As ambient is immediately ͑up to 5 s͒ changed to c͑4 ϫ 4͒ under supplying of As with a BEP of 1 ϫ 10 −5 Torr at the substrate temperature of 400°C, while the GaAs ␤͑2 ϫ 4͒ surface produced by the atomic hydrogen cleaning is very slowly ͑up to 30 s͒ changed to c͑4 ϫ 4͒. The delay of reconstruction change may indicate that the surface is modified by hydrogen, which resulted in the enhancement of the In migration length on the AHC ␤͑2 ϫ 4͒ surface. Figure 2 shows the PL spectra of 2 ML InAs QDs measured at ͓Fig. 2͑a͔͒ 10 and ͓Fig. 2͑b͔͒ 298 K with an excitation power density of 0.5 and 15 W cm 2 , respectively. The solid lines are for the reference QDs grown on GaAs c͑4 ϫ 4͒ and dotted lines are for the regrown QDs on the airexposed and AHC ␤͑2 ϫ 4͒ GaAs surface. The dashed lines are for the regrown QDs on the air-exposed and AHC c͑4 ϫ 4͒ surface. 12 The regrown QDs on ␤͑2 ϫ 4͒ show two PL peak at position 1.32 and 1.16 eV at 10 K under the excitation power density of 0.5 W cm 2 . The high-energy peak in PL might come from the small size 2D-island in Fig. 1͑b͒ . The main PL peak of the regrown QDs on ␤͑2 ϫ 4͒ is redshifted by 62 and 98 meV from those of the reference QDs at the temperature of 10 and 298 K, respectively. The redshift in PL is generally caused by the change in the size of QDs as mentioned in the above AFM results. To confirm the variation in the QD size, largely due to the different In migration length between AHC ␤͑2 ϫ 4͒ and c͑4 ϫ 4͒, the InAs QDs regrown on c͑4 ϫ 4͒ surface, which was prepared by AHC and As 4 treatment, 12 showed no significant shift in PL peak position from that of the reference QD sample. However, the redshift in PL peak position of InAs QDs on the AHC ␤͑2 ϫ 4͒ surface was clearly observed indicating that the size of QDs was larger than those of the reference sample. Compared to the PL of the reference sample measured at the same excitation power densitiy, there is an enhancement in the integrated PL intensity of the regrown QDs on ␤͑2 ϫ 4͒ by a factor of 2 at 10 K and surprisingly about 200 at room temperature. The enhancement in the PL intensity of the QDs with the regrowth interface is very large even though the regrowth interface is directly faced to the bottom of QDs, indicating that the atomic hydrogen effectively cleaned up the interface contaminants and passivated the interface defects. Figure 3 shows the temperature dependence of the integrated PL intensity for the reference ͑squares͒ QD sample and the regrown ͑circles͒ QD sample with an excitation power density of 15 W cm 2 . For the reference sample, we found that a strong quenching of the integrated intensity was started at the temperature over 100 K and the PL intensity was exponentially decreased up to room temperature. The PL quenching at high temperature can be attributed to the escape of carriers from the QDs to the wetting layer and/or GaAs barriers. 13 However, the PL intensity of the regrown QDs on the AHC ␤͑2 ϫ 4͒ slowly decreases with temperature until 250 K. At temperature 298 K, the PL intensity was decreased by the order of two compared to that of the 10 K, while the PL intensity of the reference QD sample was decreased by the order of four. The above results could be explained by the effects of the atomic hydrogen. That is, the atomic hydrogen effectively removed not only the surface oxide ͑Ga oxide and As oxide͒ but also contaminants, which rolled as a nonradiative recombination center in the regrowth interface. The passivation effect of the atomic hydrogen can be also considered for the good PL of the regrown QDs compared with that of the reference QDs.
14 In addition, the PL from Ref. 12 showed the similar temperature dependence behavior to that of the reference QD. It indicates that the interface defects could be passivated by residual hydrogen on the AHC surface.
For the qualitative analysis on the AHC, PR measurements were carried out at 10 K. Figure 4 shows PR spectra for ͓Fig. 4͑a͔͒ the reference and ͓Fig. 4͑b͔͒ regrown InAs QD samples. There are four kinds of main features for each spectrum, that is, from the InAs QDs ͑not shown here͒, 15 InAs wetting layer, GaAs and Franz-Keldysh oscillations ͑FKO͒. The significant difference between the reference QD sample and the regrown QD sample is the period of FKO. The period of FKO of the regrown QD sample is increased about two times larger than that of the reference QD sample as shown in Fig. 4 . It is well known that the FKO periods are related to the interface or surface electric field, which is connected to the interface quality and density of states. 16 In general, the decrease in the FKO period is caused by the increment of the interface defect density, which can be rolled as carrier traps ͑nonradiative recombination centers͒. 17 From the increment of the period of FKO in Fig. 4͑b͒ , we could conclude that the interface carrier trap ͑nonradiative recombination centers͒ due to the interface contaminants and/or related defects was successfully decreased by the atomic hydrogen cleaning.
In conclusion, the effectiveness of the AHC processing, in which the InAs QDs were directly regrown on the airexposed and subsequent cleaned surface in the MBE chamber, is qualitatively evaluated by the PL intensity and the FKO period from PR. The room-temperature integrated PL intensity of InAs QDs showed about two orders of magnitude larger compared with that of the reference QD sample, even though the regrowth interfaces directly faced to the base of InAs QDs. The PR results also support the reduction of the interface states by AHC.
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